only happen between taxa that co-occur in the same area.. The geographic context of both hosts and 1 0 2 parasites also influences host switch events. In biotic interactions where the parasites can undergo long 1 0 3 dispersal events, transfers can happen between allopatric hosts (i.e. hosts that do not live in the same 1 0 4 geographic area). However, they are only possible if the "geographic locations of the "sending host" 1 0 5 (the host from which the switches are initiated) and the "receiving host" coincide with a dispersal 1 0 6 event along the corresponding branch in the parasite phylogeny. Therefore, a more accurate mapping 1 0 7 of cospeciation and host switch events can be obtained if the geographic locations of both hosts and 1 0 8 parasites are known prior to conducting the reconciliation. Methods for inferring historical biogeography from phylogenetic reconstructions have greatly 1 1 0 improved in the last two decades. Early developments in historical biogeography aimed at 1 1 1 reconstructing "area cladograms" that reflected the history of connections between areas of endemism 1 1 2 for the group of organisms under study and used analytical tools that were very similar to the tools 1 1 3 developed for the study of cospeciation using parsimony as the optimization criterion (e.g. BPA, see Morrone, 2009 for a review on cladistic biogeography and its methodological developments). More 1 1 5 recent probabilistic methods in the field of historical biogeography aim at reconstructing ancestral 1 1 6 geographic range of focal lineages from current species distribution and a dated phylogenetic tree. They model the evolution of geographic areas on a phylogenetic tree using Maximum Likelihood 1 1 8 optimization or Bayesian inference and incorporate divergence times into the inference process: the 1 1 9 longer the phylogenetic branch, the higher the probability of geographic range shifts and the larger the 1 2 0 uncertainty in the ancestral range estimates. Geographic areas can be treated as simple categorical 1 2 1 characters that are reconstructed on the tree using for instance a stochastic Markov model of evolution. More biologically realistic and widely applied methods in historical biogeography, such as DEC using different parameters for each biogeographic process (dispersal, range expansion or extinction). In addition to modelling these key processes in range evolution, the main innovation of DEC consists 1 2 6 in incorporating a time-dependent transition matrix that defines the movements between geographic 1 2 7 areas, at different time intervals in order to reflect how dispersal opportunities changed through time al. 2011; for reviews on parametric biogeography). Fossil distribution and information on the climatic 1 3 0 preferences of ancestral lineages can also be incorporated as constraints to improve biogeographic Condamine 2016)). Different biogeographic models have also been proposed (GeoSSE (Goldberg et   1  3  4 al. 2011), BayArea (Landis et al. 2013) ). As a result, robust biogeographic scenarios are now available 1 3 5 for numerous lineages. Ancestral areas inferred by these methods can then serve as input for 1 3 6 reconciliation analyses. In this paper we build on these advances to provide a geography-aware 1 3 7 reconciliation method, pushing further the realism of scenarios proposed by such methods. We first describe the constraints we enforce to ensure geographic consistency in 2010). We also updated the SylvX reconciliation viewer (Chevenet et al. 2016) , in order to integrate 1 4 1 and visualize annotations (e.g. geographic areas) at ancestral nodes for the host and parasite 1 4 2 phylogenies as well as highlight inconsistent zones in the reconciliation. We then test these new 1 4 3 developments on a mock dataset and on a 'textbook' example of cospeciation, namely the interaction Extending Mowgli to account for geographic information 1 4 8
In this section we first recall the reconciliation model followed by Mowgli (Doyon et al. Only rooted parasite and host trees are considered; their leaf nodes (tips) are each labelled by a taxon. The host tree is dated, meaning that either each branch length represents an amount of time (the tree is 1 5 2 thus ultrametric) or that the age of each internal node is provided (e.g. in million years). Internal nodes 1 5 3 usually have two descendants, but an internal node can also have a single child also o when the branches is a transparent artefact that allows reconciliation methods to achieve fast computing times Let P and H denote respectively a parasite and a host tree, x and x p are nodes (or extant consider each current and ancestral host to be associated with one or several specific parasites at any -a host switch, also known as a host transfer (T event), occurs when a parasite lineage from a 1 6 6 source host is transferred to a destination host. The transfer of the parasite has to be time consistent, 1 6 7 that is the "sending" branch (x p ,x) and the "receiving" branch (x' p, x'), where the host switch is coincides with the speciation of its host. This is considered by Mowgli as a joint speciation of both 1 7 1 parasite and its host; 1 7 2 6 -a within host speciation also known as duplication (D event), models a speciation of a 1 7 3 parasite u of P, where both descendant species continue to live on the host that u lived on. This is represented by u evolving along a (x p, x) branch of H and then splitting into two new lineages in (x p, x); 1 7 5 -a parasite loss (L event) occurs when a parasite lineage goes extinct while its host persists. An illustration of these events can be found in Figure1 of Supplementary Material 1. Mowgli also sometimes considers combinations of events in order to speed up computations. An SL As explained above, accounting for geographic information can lead to more realistic diversification 1 8 3 scenarios. We first integrate such information by assigning a set of areas to each node of P and H. For In order to compute biogeographically meaningful reconciliations between the P and H trees, specific 1 8 9 constraints have to be implemented in reconciliation algorithms. We detail below how we model these 1 9 0 constraints in the context of the four D/T/L/S events or combinations thereof. First, note that areas of a 1 9 1 node and its parent in the host or parasite tree can be different, due to dispersal and vicariance 1 9 2 events. During the reconciliation process, the time period represented by a branch between nodes x p 1 9 3 and x of the host tree is considered to be assigned the union of the areas of x p and x. If a species 1 9 4 changes area along the branch from one area assigned to x p to a different one assigned to x, we do not 1 9 5 know exactly when it happened, so we consider that at any time between x p and x, part of the 1 9 6 population of the evolving species can live in any area proposed for x p or x. Considering nodes of the trees, we denote by area(x) the set of geographic areas where an extant 1 9 8 species x is observed (at the tip of a tree). Areas proposed for an internal node x, that is for an extinct 1 9 9 species, are also denoted area(x). However, as indicated above, the meaning is somewhat different as have lived during this period of its evolution: this is the union of areas(x p ) and area(x). Note that each 2 0 4 area in which exactly one of the two species x and x p is present corresponds to a migration or 2 0 5 extinction event that has occurred along this branch. In addition, only (x p ,x) branches being one slice 2 0 6 high are considered for H, as Mowgli operates on this level of detail. We now detail which geographic constraints apply so that the reconciliation between a parasite tree P 2 0 8 and a host tree H is geographically consistent. Recall that a reconciliation is a mapping of P's nodes and branches onto those of H. -We allow the mapping of an ancestral parasite u at a speciation node x in the host tree, only if 2 1 3 area(u) and area(x) have a non-empty intersection, i.e. when there is at least one area where the 2 1 4 7 parasite and the host were able to meet ( Fig. 1 B) . Alternatively, a parasite node can be mapped into a 2 1 5
branch (x p ,x) of H due to a duplication or host switch event ( Fig. 1 C) , and in those cases we also
-If a branch (u p ,u) of the parasite tree is mapped for all or part of it onto a host branch (x p ,x) ( Fig. 1 2 1 8 D), then we also require that area (u p 
-Last, if a branch (u p ,u) of the parasite is going through a node x of the host tree (which happens when 2 2 0 the host speciates into two descendant hosts but the parasite sticks to only one of them -an SL event), 2 2 1 then the area(x) and area(u p ,u) must have common elements (Fig. 1 E) . Note that when part of the reconciliation mapping traverses an artificial node x in H, then no particular 2 2 3 constraint applies locally: the possibility of such a scenario is directed by constraints ensured with 2 2 4 respect to the branch (x p ,x) of H to which x belongs. As explained previously, these constraints do not 2 2 5 prevent host switches between hosts living in different areas. When respecting the above constraints, Mowgli will propose a scenario that is geographically 2 2 7 consistent. However, this scenario can have a higher cost than those obtained when not accounting for 2 2 8 geographic information. This simply results from the fact that the search space contains geographically 2 2 9 inconsistent scenarios that are possibly less costly. Mowgli's extension described above, allows 2 3 0 choosing the less costly scenario among those that are geographically consistent. We extended the SylvX editor in order to visualize current and ancestral geographic areas of hosts and 2 3 3 symbionts. Pie charts can be used to display alternative areas for each node of the tree and/or the Annotation panel to highlight reconciliation parts that do not respect geographical constraints (when 2 3 7 such constraints have not been enforced when computing the reconciliation). This is done by loading 2 3 8 an annotation file generated by Mowgli (constraintsPBM.csv). Mowgli takes as input a "host tree" and a "parasite tree" stored in files in a Newick format. A list of 2 4 1 nodes with their geographic areas (or other annotations) can be given in the same files. Biogeographic mapping.mpr and constraintPBMs.csv files, see the provided manual for details). This hosts and parasites respective biogeographic histories. SylvX takes a host tree in Newick format with node id numbers and a reconciliation (with symbiont 2 5 1 tree node id.). The host tree (outputSpeciesTree.mpr) and reconciliation obtained with Mowgli 2 5 2 can be directly imported into SylvX. The latter also supports input files from other reconciliation 0 parasites live in the same area); 2) the two phylogenies are not perfectly parallel but show some 2 7 1 cospeciation events; 3) some geographic locations at nodes that we would like to cospeciate do not 2 7 2 coincide in the parasite and host phylogenies. We ran Mowgli on this dataset successively with and 2 7 3 without enforcing geographic constraints using in both cases the default parameters (cost 0 for a 2 7 4 cospeciation, 1 for a loss and 1 for a host switch, 1 for duplication, not enforcing the root of the 2 7 5 parasite tree to be mapped on the root of the species tree). In order to measure the impact of cost 2 7 6 settings on the reconciliation scenarios, we also ran this dataset using alternative costs for host 2 7 7 switches and losses. As a second dataset, we used a subset of the data from the latest phylogenetic investigation of trees (available in http://datadryad.org, doi: 10.5061/dryad.hr620), we derived two trees of 23 taxa 2 8 2 each, that included a couple of representative species for each Ficus main taxonomic subdivision. We on this dataset with and without enforcing geographic constraints (using default event costs and not 2 9 0 enforcing the root of the parasite tree to be mapped on the root of the species tree), and explored how 2 9 1 these reconstructions shed light on the biogeographic history of the association. In order, to investigate 2 9 2 how incertitude on ancestral geographic ranges impacts the reconciliation, we ran the reconciliation on each node of the pollinator and the Ficus phylogeny, the geographic areas which likelihoods were 2 9 5 above 0.15 were kept and assigned to their respective nodes. geographic constraints into account ( Fig. 2A) , a cospeciation event at a node where the two associates 2 9 9 do not live in the same area was retrieved (node S1 of the host tree in Figure 2A ). The transfer T1 3 0 0 preceding this cospeciation event is also geographically impossible as it suggests a dispersal (the 3 0 1 donor host lives in Asia or Africa, and the receiving host lives in America) while the parasite actually 3 0 2 stays in Africa. The mapping of the parasite tree onto the host tree from node S1 to following splitting constraints is more costly (Fig. 2B) : it entails one more transfer and also one less cospeciation event 3 0 5 but is biologically more realistic. When using different cost vectors (i.e. using a cost of 10 for a 3 0 6 transfer), the reconciliation without geographic constraints did not change in some parts (the transfer 3 0 7 that is geographically impossible cannot be computed) while the reconciliation where geographic 3 0 8 constraints are not taken into account includes many early duplications and losses in order to avoid a 3 0 9 costly transfer. Changing the cost of losses (i.e. using a cost of 2) also did not change the results of the 3 1 0 reconciliation under constraints while it changed the results of the reconciliation without constraints. Hence, adding biological constraints into the reconciliation process stabilizes parts of the On the fig/fig wasp dataset (Fig. 3) , not accounting for geographical constraints leads to 3 1 4 geographic inconsistency in one node (cospeciation S1 in the host tree of Figure 3A ). The transfer that node S1 to event T6 is geographically inconsistent on Fig. 3A ). Enforcing geographic constraints 3 1 7 when a single (most likely) area is specified for each node generates a reconciliation scenario that is 3 1 8 more costly (Fig. 3B , one more transfer is necessary to reconcile the two phylogenies) but coherent the reconciliation map also shows that host switches occurred both in "sympatric" settings (within the 3 2 4 same geographic areas as broadly defined in our dataset) and allopatric settings (i.e. host switches 3 2 5 occur between two geographically distant hosts). Overall, four switches out of seven occurred in 3 2 6 sympatry (T1, 2, 4, 5) while the remaining three switches (T3, T6, T7) correspond to long distance 3 2 7 dispersal events (Fig. 3B ). Adding incertitude in ancestral geographic range, generates a reconciliation 3 2 8 that matches the one obtained without constraint (Fig. 3C) , as geographic areas of node S1 now 3 2 9
includes Asia among its potential geographic areas which matches the ancestral geographic area of the 3 3 0 inferred associated parasites. In that scenario a single host switch is associated with a long dispersal We provide here significant extensions for a reconciliation tool (Mowgli) and a visualization 3 3 6 tool (Sylvx) to infer co-diversification scenarios that, for the first time, can take the historical In the particular example of the fig/fig wasp interaction presented here, the geographic 3 4 8 inconsistency revealed at one of the cospeciating nodes in the analysis (Fig 3A) ran without 3 4 9
constraints might actually point out some ambiguity in the biogeographic history of the Ficus hosts. the Galoglychia section) is Africa while the proposed cospeciating pollinators lived in Asia (S1; Fig. 3 5 3 3A). In order to respect geographic consistency (when only the most likely area is kept for each 3 5 4 ancestral species, Fig. 3B ), our geography-aware reconciliation suggests that the current association of suggested that the node S1 of Ficus could be situated in Asia (though with a much lower likelihood 3 5 9 than the Afrotropics). When specifying alternative geographic areas (Fig. 3C) , including Asia for the 3 6 0 conflicting node in the Ficus phylogeny, we obtain a reconciliation that matches the one obtained host switches observed happen in sympatric settings. We will not conclude on the biogeographic 3 6 5 history of the fig/fig wasp association as the purpose of our study is not to explore alternative 3 6 6 scenarios for this association. The above discussion mainly demonstrates the utility of our method in 3 6 7 revealing inconsistency between biogeographic scenarios and a cospeciation hypothesis and therefore 3 6 8
proposing alternative scenarios that conciliate both. As in all ancestral character state inferences that 3 6 9 rely on present day data, biogeographic reconstructions entail some incertitude. In particular, they are 3 7 0 highly sensitive to missing data (species that have not been sampled and/or extinct species). It is 3 7 1 therefore important to compute reconciliations with alternative ancestral ranges to investigate 3 7 2 biogeographic scenarios. The tools developed in this study can be applied to all interspecific interactions for which 3 7 5 biogeographic scenarios are available for both partners. Fast developments in sequencing technologies 3 7 6 generate more accurate and more exhaustive phylogenies and methods in historical biogeography have 3 7 7 also improved. Therefore, we can hope that numerous datasets will be available in the near future and phylogenies and biogeographic scenarios are now available for groups of lice that have been model are available, our method could be used to better understand the geographic context of host switches 3 8 2 in this model system. Geography-aware reconciliation could also be applied to explore the Garamszegi LZ (2009) Patterns of co-speciation and host switching in primate malaria parasites. Hafner MS, Nadler SA (1988) Phylogenetic trees support the coevolution of parasites and their hosts. Buchnera aphidicola: bacterial genome helps define species and evolutionary relationships in Hypericum (Hypericaceae). Systematic Biology 64, 215-232.
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